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Abstract  
Durable resistance to soil-borne pathogens remains elusive in cereals, partly 
because susceptibility (S) genes that facilitate root infection have not been identified 
in monocots. In the model legume Medicago truncatula, the SCAR/WAVE complex 
member MtAPI functions as a root S-gene for microbial invasion. Whether SCAR 
gene associated susceptibility function is conserved in monocots, and whether 
SCAR gene inactivation can enhance root resistance in cereals, remains unknown. 
Here, we identify and characterize three SCAR genes in barley: HvSCAR-A, 
HvSCAR-B, and HvSCAR-C. Cross-species complementation assays indicate that 
HvSCAR-B and HvSCAR-C are functionally similar to MtAPI. While hscar-b and 
hvscar-c single mutants exhibited no major growth defects, hvscar-a mutants 
showed strongly reduced seed production, and a hvscar-b/c double mutant displayed 
shorter root hairs. Notably, the hvscar-b/c double mutant exhibited increased 
resistance to the hemibiotrophic pathogen Phytophthora palmivora but greater 
colonization by the symbiotic arbuscular mycorrhizal fungus Funneliformis mosseae, 
underscoring a complex role in plant root - microbe interactions. Our findings reveal 
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a conserved susceptibility function of SCAR genes in monocots and identify api 
monocot homologs as promising targets for engineering disease resistance in 
cereals. This study offers new insights into SCAR protein functional diversification 
and its potential for improving root health in crop plants. 
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Introduction 
Plant disease management remains a critical challenge in agriculture and 
traditionally relies on resistance (R) genes and chemical treatments (Fisher et al., 
2018; Jones et al., 2024). However, R gene-mediated resistance is often 
pathogen-specific and can be rapidly overcome by evolving pathogens (McDonald 
and Linde, 2002). Chemical control can also be compromised by the development of 
resistance in pathogen populations (Fisher et al., 2018) and is generally most 
effective against foliar diseases, whereas soil-borne pathogens remain difficult to 
control. With climate change expected to exacerbate the prevalence and severity of 
soil-borne diseases (Delgado-Baquerizo et al., 2020), there is an urgent need for 
alternative disease management strategies. Targeted removal or modification of 
susceptibility (S) genes, host plant genes that facilitate microbial compatibility, offers 
a promising alternative for durable resistance (van Schie and Takken, 2014; 
Garcia-Ruiz et al., 2021) However, S genes can also contribute to mutualistic 
interactions (Rey et al., 2015) and plant development (Jørgensen, 1992; Pathuri et 
al., 2008; Scheler et al., 2016), therefore it is critical to identify those whose loss 
does not compromise key agronomic traits such as growth and yield. 
 
Barley (Hordeum vulgare, Hv), the fourth most produced cereal crop worldwide 
(FAOSTAT, 2024), is cultivated for diverse uses including malt production, baking, 
and animal feed (Newton et al., 2011). As a hardy grain, it can be grown in 
environments too harsh for many other cereals (Abdelghany et al., 2024).  One of 
the most successful examples of durable disease resistance deployment via S-gene 
modification in barley are the recessive mlo alleles, which have been deployed 
globally to confer near‑complete resistance to the foliar powdery mildew disease 
caused by Blumeria hordei  (Freisleben and Lein, 1942; Büschges et al., 1997; 
Jørgensen and Wolfe, 2011). Knockout of MLO is accompanied by pleiotropic 
phenotypes such as spontaneous leaf lesioning (Jørgensen, 1992) and increased 
susceptibility to other pathogens (Jarosch et al., 1999), yet its agronomic benefits 
have supported long‑term, widespread use (Jørgensen, 1992). In contrast, 
comparable S‑gene‑based strategies for the control of economically relevant root‑rot 
diseases caused by fungi and oomycetes (Gutteridge et al., 2003; Schroeder and 
Paulitz, 2006; Basheer et al., 2022; Liu et al., 2024)  are currently lacking, largely 
because no susceptibility genes have yet been identified or validated in barley roots.  
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Beyond pathogenic interactions, barley roots establish endosymbiotic associations 
with arbuscular mycorrhizal fungi (AMF), marked by the intracellular growth of fungal 
hyphae and the formation of specialized structures such as cortical arbuscules and 
lipid storage vesicles (Choi et al., 2018). AMF symbiosis supports a bidirectional 
plant-fungus exchange in which the plant supplies carbohydrates and lipids to the 
fungus in return for mineral nutrients and water delivered via extensive extraradical 
hyphal networks that extend root foraging capacity beyond the rhizosphere 
(Jakobsen and Rosendahl, 1990; Keymer et al., 2017; Luginbuehl et al., 2017; 
Sawers et al., 2017; Kakouridis et al., 2022). Because AMF generally enhance plant 
nutrient acquisition, improve stress tolerance (Chitarra et al., 2016; Berger and 
Gutjahr, 2021), and contribute to protection against soil‑borne diseases (Campo et 
al., 2020; Guyon et al., 2025), they are increasingly recognized as valuable 
biofertilizers in sustainable agriculture. It is therefore critical to assess whether 
S‑gene manipulation affects AMF colonization. Although barley’s mycorrhizal 
receptivity has generally been reported as low (Grace et al., 2009), recent 
experimental data show that AMF can significantly enhance nutrient acquisition 
under both ambient and elevated CO₂ conditions in barley (Thirkell et al., 2021). 
Notably, cereals and Medicago truncatula (M. truncatula, Mt) carrying mlo mutations 
exhibit reduced early AMF colonization and lower induction of symbiosis‑related 
genes (Jacott et al., 2020), highlighting that altering susceptibility genes can 
compromise AM symbiosis. This raises the broader question of whether other 
susceptibility genes can be modified to enhance pathogen resistance without 
introducing similar trade‑offs. 
 
Previously, the SCAR gene MtAPI was identified as a root susceptibility factor in the 
model legume M. truncatula, where it modulates interactions with both, beneficial 
nitrogen‑fixing rhizobia and the pathogenic oomycete Phytophthora palmivora (Teillet 
et al., 2008; Gavrin et al., 2020). P. palmivora represents an aggressive 
hemibiotrophic pathogen responsible for severe diseases in numerous tropical and 
subtropical crops. It exhibits a broad host range, colonizing both root and foliar 
tissues across diverse plant lineages, including economically relevant dicots such as 
tomato (Solanum lycopersicum) (Fawke et al., 2019) and monocots such as barley 
(Le Fevre et al., 2016). In M. truncatula, the contribution of MtAPI to host 
susceptibility is linked to its role within the conserved SCAR/WAVE complex, where it 
influences actin-dependent polarized secretion. Loss of MtAPI function perturbs actin 
remodeling and selectively impairs the deposition of cell wall polysaccharides, 
including xyloglucan, rhamnogalacturonan I, and homogalacturonan. These 
alterations in wall architecture quantitatively increase root resistance to P. palmivora 
infection (Gavrin et al., 2020) but do not impact AMF colonisation in M. truncatula api 
roots (Teillet et al., 2008). Whether this development‑linked resistance mechanism is 
conserved beyond dicots and can be applied in monocots remains unclear. 
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Despite exhibiting shorter root hairs, api mutants retain normal growth and 
reproduction (Gavrin et al., 2020), making SCAR genes attractive candidates for 
S‑gene-based resistance engineering. The SCAR/WAVE complex is a highly 
conserved regulator of actin dynamics that promotes the assembly of branched actin 
networks by activating the ARP2/3 complex (Yanagisawa et al., 2013). Plant 
SCAR/WAVE proteins carry an N‑terminal SCAR‑homology domain (SHD) required 
for complex assembly and a C‑terminal Wiskott–Aldrich homology 2, central, and 
acidic domain (WCA) that stimulates ARP2/3‑dependent actin nucleation 
(Yanagisawa et al., 2013). Mutations in SCAR/WAVE components frequently disrupt 
cell morphology, anisotropic cell expansion, and cell–cell adhesion and contribute to 
specialized developmental processes, including trichome formation, leaf‑shape 
regulation, and root‑hair elongation (Li et al., 2004; Basu et al., 2005; Djakovic et al., 
2006; Uhrig et al., 2007; Miyahara et al., 2010). Notably, SCARs are the only 
members of the SCAR/WAVE complex that have undergone expansion into 
multigene families in plants, enabling paralogs to diversify and acquire distinct, 
tissue‑specific roles. Such functional diversification is illustrated in M. truncatula, 
where MtAPI and its closely related paralog MtHAPI1 fulfill non‑redundant functions 
(Brumm et al., 2025). In monocots, however, SCAR gene function remains poorly 
characterized: the only genetically defined example to date is TUT1 in rice which is 
essential for panicle development and seed yield (Bai et al., 2015). Whether SCAR 
homologs in monocots are all specialized for reproductive development or have 
diversified in function is not known yet. This gap in knowledge raises the question of 
whether targeting SCAR homologs in cereals can confer resistance to root‑infecting 
pathogens without unwanted effects on growth and yield. 

In this study, we identify and functionally characterise three previously unstudied 
barley SCAR gene family members and show that their proteins fall into two major 
angiosperm SCAR clades. Our cross-species mutant complementation experiments 
suggest conserved functionality among clade II SCAR genes. CRISPR-Cas9 single 
frame-shift or deletion mutants in barley further support clade-specific roles: clade II 
hvscar‑b and hvscar‑c plants show no major vegetative defects, clade I hvscar‑a 
mutants display reduced seed production. Under the tested conditions hvscar‑b,c 
double mutant plants exhibited enhanced root resistance to P. palmivora. In contrast 
to their conserved role in promoting pathogen susceptibility, loss of HvSCAR-B and 
HvSCAR-C led to increased arbuscular mycorrhiza colonisation, indicating that clade 
II HvSCAR genes affect pathogenic and beneficial interactions differently. Taken 
together, we demonstrate that HvSCAR genes perform clade‑specific roles in 
development and root-microbe interactions, respectively. Our results highlight clade 
II SCAR genes as promising candidates for future S‑gene engineering in cereals.
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Results 
 
HvSCAR‑B and HvSCAR‑C, but not HvSCAR‑A, functionally complement the M. 
truncatula api root‑hair defect 
To test whether SCAR‑mediated susceptibility mechanisms described for M. 
truncatula extend to cereals, we identified SCAR homologs in barley and 
subsequently tested which, if any, retain MtAPI‑like function. Using the MtAPI protein 
as a reference, we searched publicly available plant proteomes for candidate 
proteins that (i) carried an N‑terminal SHD, and (ii) contained a C‑terminal WCA. 
Applying these criteria, we curated a set of 429 orthologous SCAR sequences from 
135 species across 74 plant families (Data S1). The analysis recovered SCAR 
homologs across land plants and supports an early duplication within angiosperms 
that resolved into two major clades (Figure S1). The first clade (CI), comprises M. 
truncatula MtHAPI2, Arabidopsis thaliana (A. thaliana; At) 
AtSCAR1/AtSCAR3/AtWAVE5, and a set of monocot sequences we term monocot 
subclade A, including barley HvSCAR-A. The second clade (CII), contains 
lineage‑specific expansions in Fabaceae, Brassicaceae, and monocots: Fabaceae 
split into MtAPI‑like and MtHAPI1‑like subclades; Brassicaceae into A. thaliana 
AtSCAR2‑ and AtSCAR4‑related groups; and monocots into two subclades with 
barley HvSCAR-B and HvSCAR-C, respectively. The N-terminal SHD and C-terminal 
WCA domains in all three HvSCARs are highly conserved, whereas the central 
regions show high divergence (Figures S2 and S3a), consistent with patterns 
reported for A. thaliana and M. truncatula SCARs (Kollmar et al., 2012; Brumm et al., 
2025). Mining the PANBARLEX barley pangenome expression atlas, we found that 
all three HvSCAR genes are expressed across embryo, root, shoot, inflorescence, 
and caryopsis tissues in cv. Golden Promise, with HvSCAR‑B generally exhibiting 
the lowest transcript abundance (Figure S3b). 
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Figure 1: HvSCARs exhibit clade‑linked functionality in api root‑hair complementations 
(a) Minimum phylogenetic tree with Hordeum vulgare (Hv), Medicago truncatula (Mt), Lotus japonicus 
(Lj) and Arabidopsis thaliana (At) SCAR proteins. Clade I (CI) and clade II (CII) are marked by bold 
black lines. (b) Epifluorescence microscopy images of M. truncatula A17 (wild type) and api mutant 
hairy roots expressing DsRed only (pAtUBQ10:DsRed, empty vector control = EV), or together with 
MtAPI, HvSCAR-A, HvSCAR-B, or HvSCAR-C, all driven by the MtAPI promoter. All images were 
acquired with the same magnification, scale bar: 0.5 mm. (c) Boxplot of normalized root hair length. 
The root hair length (in mm) was normalized to root diameter (in mm). Each dot represents a single 
root hair/root diameter ratio (n = 50 per genotype). For each genotype, 10 root hairs were measured 
from 5 independently transformed roots. Statistical analysis: Shapiro-Wilk test, followed by 
Kruskal-Wallis test with Bonferroni correction. Statistical significance groupings are indicated by 
letters. 
 
To test whether any of the identified HvSCAR proteins can functionally replace 
MtAPI, we used the root‑hair elongation defect of the M. truncatula api mutant as a 
rapid, scorable readout. Prior work showed that the short‑root‑hair phenotype of api 
can be complemented by other SCAR CII‑clade members (Figure 1a), including A. 
thaliana AtSCAR2 and Lotus japonicus (Lj) homolog LjSCARN (Gavrin et al., 2020), 
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establishing root‑hair elongation as a sensitive proxy for MtAPI‑like function. Using a 
2‑kb MtAPI promoter fragment (Gavrin et al., 2020), we expressed HvSCAR‑A, 
HvSCAR‑B, or HvSCAR‑C in M. truncatula A17 API and api hairy roots. The same 
vector backbone carried a DsRed expression cassette, which serves as a 
fluorescent reporter of successful root transformation. Expression of HvSCAR‑B and 
HvSCAR‑C restored api root hair length to A17 control levels, whereas HvSCAR‑A 
expressing api root hairs were significantly shorter than A17 and statistically 
indistinguishable from api transformed with an empty‑vector control (Fig. 1b,c). Thus, 
the barley genes HvSCAR-B and HvSCAR-C (CII-clade) can functionally replace 
MtAPI in M. truncatula roots, whereas HvSCAR-A (CI-clade) cannot. This suggests 
that while functional divergence occurred after the initial CI/CII clade split, the 
duplicated genes HvSCAR-B and HvSCAR-C both retained the ability to regulate 
actin dynamics during root hair growth.  
 
CRISPR-CAS9 knockout of individual barley HvSCAR genes does not affect 
vegetative growth but impairs seed production in hvscar-a 
M. truncatula api mutants show impaired root‑hair development but otherwise 
produce healthy plants without macroscopic defects in growth or seed production 
(Gavrin et al., 2020). To assess whether loss of HvSCAR function affects 
development, we generated CRISPR-Cas9 knockouts using two guide RNAs per 
gene (Figure S4). From the initial transformations, we recovered transformants for all 
three genes and advanced at least two confirmed mutant lines per gene to the T₃ 
generation to obtain Cas9‑free, homozygous knockouts. 
 

Individual T1 generation hvscar‑a plants from independent parents produced 
significantly fewer seeds than hvscar‑b, hvscar‑c, and Golden Promise (GP) controls 
but otherwise seemed to behave normal (Figure S5a,b,d,e). To validate this 
observation, we simultaneously grew six homozygous, T5 generation plants from 
one confirmed knockout line per gene under identical conditions. Vegetative growth 
was comparable among Golden Promise and hvscar‑a, hvscar‑b, and hvscar‑c 
single mutants up to seed development (Figure 2a). Consistent with the 
T1-generation results, hvscar‑a plants produced significantly fewer total seeds per 
plant (Figure 2d) due to a significant reduction in seed production per spike 
(Figure 2e) while hvscar-b and hvscar-c plants were not impaired. Unlike the 
shortened M. truncatula api root hairs, none of the single hvscar knockout mutants 
showed reduced root hair length (Figure 2f). 
 
Taken together, these results indicate that individual HvSCAR genes execute 
distinct, non‑redundant functions in barley development. While none of the single 
mutants exhibited defects in vegetative growth or root hair elongation, HvSCAR‑A is 
specifically required for normal seed set, as its loss reduces seed formation per 
spike. By contrast, hvscar‑b and hvscar‑c do not differ from Golden Promise in these 
seed‑related traits. 
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Figure 2: Development and seed set analysis of single hvscar CRISPR knockout mutants  
(a) Representative images of 9-week-old Golden Promise and hvscar single CRISPR knockout plants 
grown under identical conditions. Scale bar: 20 cm. (b) Images of two representative spikes for each 
genotype. Awns were manually removed from spikes to improve visualization of the seeds. Scale bar: 
5 cm. (c) Images of a representative batch of seeds harvested from one individual plant per genotype. 
Scale bar: 2 cm. (d) Number of seeds per plant: Each data point represents the total number of seeds 
for one individual plant (n =6 for each genotype). (e) Number of seeds per spike: Each data point 
represents the number of seeds that were harvested from one spike. The data for all spikes from 6 
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different plants for each genotype are shown (GP, n = 403; hvscar-a, n = 372; hvscar-b, n = 285; 
hvscar-c, n= 404). (f) Root hair length measurements: The length of 20 root hairs, measured in mm, 
was analysed for 5 roots from different plants for each genotype. Each datapoint represents one 
measurement (n = 100 for each genotype). Statistics: The data was analysed for normality with a 
Shapiro-Wilk test, followed by a Kruskal-Wallis with Bonferroni correction (d, e, f); statistical 
significance groupings are indicated by letters. 
 
hvscar-b,c plants have shorter root hairs but vegetative growth and seed 
development are not impacted 

Since both HvSCAR-B and HvSCAR-C complemented the M. truncatula api root hair 
phenotype, we hypothesized that these genes may function redundantly during 
barley root hair development. To test this, we generated an hvscar-b,c double mutant 
by crossing hvscar-b line 3-1 with hvscar-c line 10-4 and selected an azygous 
HvSCAR-B,C control line from the same cross (Figure S4b,c). Root hair length 
measurements in F5 seedlings revealed that hvscar-b,c developed significantly 
shorter root hairs than the HvSCAR-B,C control (Figure 3a-b). In contrast, overall 
plant morphology was indistinguishable between hvscar-b,c and control plants 
(Figure 3c-e). Neither the total seed number per plant nor the number of seeds per 
spike differed significantly from controls in the F5 and the previous F4 generation 
(Figure 3f,g and Figure S5c,f). These plants were grown alongside the 
corresponding single mutants and Golden Promise plants shown in Figure 2, and no 
significant differences were detected between Golden Promise and the azygous 
HvSCAR-B,C line.  

Together, these findings indicate partial functional redundancy between HvSCAR-B 
and HvSCAR-C in barley root hair elongation. While simultaneous loss of both genes 
reduces root hair length, vegetative development and overall reproductive 
performance remain largely unaffected under the tested growth conditions. 
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Figure 3:  Development and seed set analysis of hvscar‑b,c and corresponding azygous plants 
(a) Representative images of developmentally comparable root hair zones of HvSCAR-B,C and 
hvscar-b,c roots. Scale bar: 2 mm. (b) Root hair length measurements. The length of 20 root hairs, 
measured in mm, was analysed for 5 different roots for each genotype. Each datapoint represents 
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one measurement (n = 100). (c) Representative images of 9-week-old HvSCAR-B,C and hvscar-b,c 
plants grown under identical conditions (grown at the same times with plants from Figure 2). Scale 
bar: 20 cm. (d) Images of two representative spikes for each genotype. Awns were manually removed 
from spikes to improve visualization of the seeds. Scale bar: 5 cm. (e) Images of a representative 
batch of seeds harvested from one individual plant per genotype. Scale bar: 2 cm. (f) Number of 
seeds per plant: Each data point represents the total number of seeds for one individual plant (n = 6 
for each genotype). (g) Number of seeds per spike: Each data point represents the number of seeds 
that were harvested from one spike. The data for all spikes from 6 different plants for each genotype 
are shown (HvSCAR-B,C, n = 391; hvscar-b,c, n = 281). Data normality was assessed using the 
Shapiro–Wilk test. Depending on the outcome, either a Mann-Whitney-U test (b, g) or a Welch’s t-test 
(f) was applied. Corresponding p-values are shown in the panels. Significance levels are indicated as 
ns (p ≥ 0.05) and *** (p < 0.001). 
 
Interactions of the hvscar-b,c mutant roots with detrimental and beneficial 
filamentous microbes are differentially affected 

In M. truncatula, the api mutant shows increased resistance to P. palmivora 
infections (Gavrin et al., 2020). Because the barley hvscar-b,c mutant shares the 
same reduced root hair phenotype as api, we investigated whether these homologs 
also provide enhanced resistance against the same pathogen. 

We employed the P. palmivora strain FLIMA for infection assays because previous 
tests identified FLIMA as one of the most aggressive isolates on barley cv. 
Baronesse roots (Le Fevre et al., 2016). We transformed FLIMA with the red 
fluorescent marker tdTomato (FLIMA-td) to enable infection visualization and detailed 
observation of colonization structures. At three days post‑inoculation (dpi), we 
detected patchy fluorescence along the roots of both HvSCAR‑B,C and hvscar‑b,c 
plants (Figure S6a), and by six dpi strong sporulation was evident near the root tips 
(Figure S6b). However, visually we did not observe clear qualitative differences in 
infection levels between the two genotypes. To assess potential quantitative 
differences in pathogen biomass, we performed qRT‑PCR at 3 dpi using the P. 
palmivora biomass marker PpEF1α. On average, hvscar‑b,c roots displayed ~50% 
lower PpEF1α expression than wild‑type roots, indicating reduced pathogen biomass 
(Figure 4a). We also observed a significant reduction in expression of the sporulation 
marker PpCdc14 relative to barley reference genes, but not FLIMA reference genes, 
consistent with lower biomass resulting in reduced sporulation (Figure 4b and c). 

Comparing root expression patterns using RNAseq between control and hvscar-b/c 
double mutant returned a high level of correlation (R² value of 0.962) with only 80 
differentially expressed genes (log₂FC ≥ |2| and padj < 0.05) between the genotypes 
(Figure S7 and Data S3). This suggests that roots of hvscar-b/c double mutants do 
not mount a prominent constitutive defense response in absence of an infection. 

We then examined whether the hvscar‑b,c mutations also affect interactions with 
beneficial filamentous microbes. Arbuscular mycorrhizal (AM) fungi, like oomycetes, 
establish intimate associations within root tissues that involve host cell remodeling 
and the formation of intracellular colonization structures. Upon inoculation with F. 
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mosseae, hvscar‑b,c roots exhibited significantly increased colonization compared to 
wild‑type roots, with an average enhancement of ~15% (Figure 4g). In contrast, key 
symbiotic structures like arbuscules and vesicles were present at comparable 
frequencies in both genotypes (Figure 4h,i), indicating that the hvscar‑b,c mutations 
facilitate the entry and/or spread of the fungus within the root system without altering 
its intracellular developmental program. 

Together, these results demonstrate that hvscar‑b,c mutations enhance resistance to 
the oomycete pathogen P. palmivora without inducing constitutive immune activation. 
Remarkably, these same mutations promote, rather than impair, colonization by the 
beneficial AM fungus F. mosseae. Thus, loss of specific HvSCAR genes selectively 
rewires root - microbe interactions. 
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Figure 4:  Root pathogenic Phytophthora and symbiotic fungi are oppositely impacted in their 
colonisation of hvscar-b,c plants 
(a-c) Normalised log₂ fold-change (log₂FC) in expression of P. palmivora biomass markers genes 
PpEF1α (a) and PpCdc14 (b), calculated from efficiency-corrected ΔΔCq ratios with either 
HvEF1α and HvCyc as barley reference genes (a,b) or PpEF1α and PpWS21 as FLIMA 
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reference genes (c). Expression values were log₂-transformed and normalised to the mean 
expression of the wild-type genotype (B,C), set to 0 (dashed line). Boxplots display the 
distribution of normalised log₂FC values across genotypes with white diamonds indicating the 
means. Individual points represent the mean of three technical replicates per biological sample (n 
= 8). (d-f) Representative images of barley root fragments partially colonised by arbuscular 
mycorrhiza (d), with close-ups of fungal structures including hyphae (black triangles), arbuscules 
(e, black arrow), and vesicles (f, black star). (g-i) Boxplots show overall colonisation levels (g), 
quantification of arbuscules (h) and vesicles (i). Individual points represent ratios from analysed 
microscopy slides of root fragments from individual plants (n = 15). Statistics: Data normality was 
assessed using the Shapiro–Wilk test. Depending on the results, either Welch’s t-test (a,b,c,i) or the 
Mann-Whitney-U test (g, h) was applied. Corresponding p-values are shown in the panels. 
Significance levels are indicated as ns (p ≥ 0.05), * (p < 0.05), and ** (p < 0.01). 
 
 
Discussion 
Soil‑borne pathogens threaten global crop production, and their impact is expected 
to intensify as climate change alters pathogen ranges and soil microbiome dynamics. 
Because roots remain difficult to monitor and protect, strategies that disable host 
susceptibility (S) factors represent an attractive complement to classical, 
race‑specific R‑gene approaches. Yet actionable S‑genes for cereal root diseases 
are largely unknown. Here, we show that a role for SCAR genes in root susceptibility 
originally discovered in dicots, is conserved in the monocot barley. Under laboratory 
conditions, loss of the barley SCAR homologs HvSCAR‑B and HvSCAR‑C enhances 
quantitative resistance to P. palmivora without major penalties on plant development 
or AMF symbiosis. 
 
Identification and functional diversification of barley SCARs 
We performed a targeted phylogenetic analysis to identify bona fide barley 
SCAR/WAVE proteins relevant to MtAPI function. We focused on proteins with 
canonical SCAR domain architecture and manually curated all candidates, an 
approach that likely excluded monocot WASH proteins whose structure differs 
markedly from SCAR/WAVE proteins (Veltman and Insall, 2010) and therefore lay 
outside our analytical scope. As our goal was to resolve barley HvSCAR proteins 
rather than all ARP2/3 activators, we restricted the phylogeny accordingly. 

Our data reveal clear functional divergence between barley HvSCARs of clade I and 
clade II. The clade I gene HvSCAR‑A is required for normal reproductive 
development, as hvscar‑a mutants show a strong reduction in seed set. A reduced 
reproductive output has also been reported for the rice clade I SCAR mutant tut1, 
although in rice this results from defects in panicle development rather than seed 
formation (Bai et al., 2015). Meanwhile, hvscar‑b, hvscar‑c, and the hvscar‑b,c 
double mutant do not affect seed production. Comparisons with other species 
indicate that SCAR paralog functions vary across lineages: in A. thaliana, several 
clade I and II AtSCARs show substantial redundancy (Zhang et al., 2008), 
particularly in trichome development, whereas in M. truncatula, the clade II genes 
MtAPI and MtHAPI1 have separable functions in root hair formation (Brumm et al., 

14 

.CC-BY 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 1, 2026. ; https://doi.org/10.64898/2026.03.31.715550doi: bioRxiv preprint 

https://web.endnote.%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlZlbHRtYW4sIEQuIE0uPC9hdXRob3I%2BPGF1dGhvcj5JbnNhbGwsIFIuIEguPC9hdXRob3I%2BPC9hdXRob3JzPjwvY29udHJpYnV0b3JzPjxhdXRoLWFkZHJlc3M%2BQmVhdHNvbiBJbnN0aXR1dGUgZm9yIENhbmNlciBSZXNlYXJjaCwgR2xhc2dvdywgVW5pdGVkIEtpbmdkb20uPC9hdXRoLWFkZHJlc3M%2BPHRpdGxlcz48dGl0bGU%2BV0FTUCBmYW1pbHkgcHJvdGVpbnM6IHRoZWlyIGV2b2x1dGlvbiBhbmQgaXRzIHBoeXNpb2xvZ2ljYWwgaW1wbGljYXRpb25zPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPk1vbCBCaW9sIENlbGw8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAxMDwveWVhcj48cHViLWRhdGVzPjxkYXRlPkF1ZyAxNTwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz4yODgwLTkzPC9wYWdlcz48dm9sdW1lPjIxPC92b2x1bWU%2BPGVkaXRpb24%2BMjAxMDA2MjM8L2VkaXRpb24%2BPGtleXdvcmRzPjxrZXl3b3JkPkFjdGluLVJlbGF0ZWQgUHJvdGVpbiAyLTMgQ29tcGxleC9nZW5ldGljcy9tZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPkFtaW5vIEFjaWQgTW90aWZzPC9rZXl3b3JkPjxrZXl3b3JkPkFtaW5vIEFjaWQgU2VxdWVuY2U8L2tleXdvcmQ%2BPGtleXdvcmQ%2BQW5pbWFsczwva2V5d29yZD48a2V5d29yZD5CaW5kaW5nIFNpdGVzL2dlbmV0aWNzPC9rZXl3b3JkPjxrZXl3b3JkPkNvbnNlcnZlZCBTZXF1ZW5jZTwva2V5d29yZD48a2V5d29yZD5EaWN0eW9zdGVsaXVtL2N5dG9sb2d5LypnZW5ldGljcy9tZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPkV2b2x1dGlvbiwgTW9sZWN1bGFyPC9rZXl3b3JkPjxrZXl3b3JkPkdyZWVuIEZsdW9yZXNjZW50IFByb3RlaW5zL2NsYXNzaWZpY2F0aW9uL2dlbmV0aWNzL3BoeXNpb2xvZ3k8L2tleXdvcmQ%2BPGtleXdvcmQ%%2BPC9rZXl3b3Jkcz48aXNibj4xOTM5LTQ1ODYgKEVsZWN0cm9uaWMpXG4xMDU5LTE1MjQgKFByaW50KVxuMTA1OS0xNTI0IChMaW5raW5nKTwvaXNibj48YWNjZXNzaW9uLW51bT4yMDU3Mzk3OTwvYWNjZXNzaW9uLW51bT48YWJzdHJhY3Q%%2BPG5vdGVzPlZlbHRtYW4sIERvdXdlIE1cbkluc2FsbCwgUm9iZXJ0IEhcbmVuZ1xuRzExNy81MzcvTVJDXy9NZWRpY2FsIFJlc2VhcmNoIENvdW5jaWwvVW5pdGVkIEtpbmdkb21cbkNSVUtfL0NhbmNlciBSZXNlYXJjaCBVSy9Vbml0ZWQgS2luZ2RvbVxuUmVzZWFyY2ggU3VwcG9ydCwgTm9uLVUuUy4gR292J3RcbjIwMTAvMDYvMjVcbk1vbCBCaW9sIENlbGwuIDIwMTAgQXVnIDE1OzIxKDE2KToyODgwLTkzLiBkb2k6IDEwLjEwOTEvbWJjLkUxMC0wNC0wMzcyLiBFcHViIDIwMTAgSnVuIDIzLjwvbm90ZXM%2BPHVybHM%2BPHJlbGF0ZWQtdXJscz48dXJsPmh0dHBzOi8vd3d3Lm5jYmkubmxtLm5paC5nb3YvcHVibWVkLzIwNTczOTc5PC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxjdXN0b20yPlBNQzI5MjExMTE8L2N1c3RvbTI%2BPGVsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjEwLjEwOTEvbWJjLkUxMC0wNC0wMzcyPC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48cmVtb3RlLWRhdGFiYXNlLW5hbWU%2BTWVkbGluZTwvcmVtb3RlLWRhdGFiYXNlLW5hbWU%2BPHJlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj5OTE08L3JlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj48bnVtYmVyPjE2PC9udW1iZXI%2BPHJlYy1ndWlkPjU1MWVmMmZkLWNhMDctNGJjZi04ZGMyLTQzZTY4ODQwZWNkMDwvcmVjLWd1aWQ%2BPHJlYy11c24%%3D%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IihCYWkgZXQgYWwuLCAyMDE1KSIsImNpdGF0aW9ucyI6W3siYmlibGlvQ29udGVudCI6W3sieWVhciI6IjIwMTUiLCJzZWNvbmRhcnlUaXRsZSI6IlBsYW50IFBoeXNpb2wiLCJndWlkIjoiODllNzhhODEtYjUxMi00MjhlLWFjYzItNjJiOTkwZDk5NzkwIiwiZGF0ZSI6Ik9jdCIsImFjY2Vzc2lvbk51bWJlciI6IjI2MjQzNjE2IiwicnN4bWwiOiI8cmVjb3JkPjxyZWYtdHlwZT4xNzwvcmVmLXR5cGU%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPkJhaSwgSi48L2F1dGhvcj48YXV0aG9yPlpodSwgWC48L2F1dGhvcj48YXV0aG9yPldhbmcsIFEuPC9hdXRob3I%2BPGF1dGhvcj5aaGFuZywgSi48L2F1dGhvcj48YXV0aG9yPkNoZW4sIEguPC9hdXRob3I%2BPGF1dGhvcj5Eb25nLCBHLjwvYXV0aG9yPjxhdXRob3I%2BWmh1LCBMLjwvYXV0aG9yPjxhdXRob3I%2BWmhlbmcsIEguPC9hdXRob3I%2BPGF1dGhvcj5YaWUsIFEuPC9hdXRob3I%2BPGF1dGhvcj5OaWFuLCBKLjwvYXV0aG9yPjxhdXRob3I%2BQ2hlbiwgRi48L2F1dGhvcj48YXV0aG9yPkZ1LCBZLjwvYXV0aG9yPjxhdXRob3I%2BUWlhbiwgUS48L2F1dGhvcj48YXV0aG9yPlp1bywgSi48L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%%2BPHRpdGxlcz48dGl0bGU%2BUmljZSBUVVRPVTEgRW5jb2RlcyBhIFN1cHByZXNzb3Igb2YgY0FNUCBSZWNlcHRvci1MaWtlIFByb3RlaW4gVGhhdCBJcyBJbXBvcnRhbnQgZm9yIEFjdGluIE9yZ2FuaXphdGlvbiBhbmQgUGFuaWNsZSBEZXZlbG9wbWVudDwvdGl0bGU%2BPHNlY29uZGFyeS10aXRsZT5QbGFudCBQaHlzaW9sPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTU8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT5PY3Q8L2RhdGU%2BPC9wdWItZGF0ZXM%2BPC9kYXRlcz48cGFnZXM%2BMTE3OS05MTwvcGFnZXM%2BPHZvbHVtZT4xNjk8L3ZvbHVtZT48ZWRpdGlvbj4yMDE1MDgwNDwvZWRpdGlvbj48a2V5d29yZHM%2BPGtleXdvcmQ%2BQWN0aW4tUmVsYXRlZCBQcm90ZWluIDItMyBDb21wbGV4L2dlbmV0aWNzL21ldGFib2xpc208L2tleXdvcmQ%2BPGtleXdvcmQ%2BQWN0aW5zLyptZXRhYm9saXNtPC9rZXl3b3JkPjxrZXl3b3JkPkFyYWJpZG9wc2lzIFByb3RlaW5zL2dlbmV0aWNzPC9rZXl3b3JkPjxrZXl3b3JkPkNsb25pbmcsIE1vbGVjdWxhcjwva2V5d29yZD48a2V5d29yZD5GbG93ZXJpbmcgVG9wcy8qZ3Jvd3RoICZhbXA7IGRldmVsb3BtZW50L3BoeXNpb2xvZ3k8L2tleXdvcmQ%2BPGtleXdvcmQ%2BRmxvd2Vycy9jeXRvbG9neS9nZW5ldGljcy9ncm93dGggJmFtcDsgZGV2ZWxvcG1lbnQ8L2tleXdvcmQ%2BPGtleXdvcmQ%2BR2VuZSBFeHByZXNzaW9uIFJlZ3VsYXRpb24sIFBsYW50PC9rZXl3b3JkPjxrZXl3b3JkPk11dGF0aW9uPC9rZXl3b3JkPjxrZXl3b3JkPk9yeXphLypncm93dGggJmFtcDsgZGV2ZWxvcG1lbnQvcGh5c2lvbG9neTwva2V5d29yZD48a2V5d29yZD5QbGFudCBQcm90ZWlucy9nZW5ldGljcy8qbWV0YWJvbGlzbTwva2V5d29yZD48a2V5d29yZD5QbGFudHMsIEdlbmV0aWNhbGx5IE1vZGlmaWVkPC9rZXl3b3JkPjxrZXl3b3JkPlBvbGxlbi9jeXRvbG9neS9nZW5ldGljcy9ncm93dGggJmFtcDsgZGV2ZWxvcG1lbnQ8L2tleXdvcmQ%2BPGtleXdvcmQ%2BUmVjZXB0b3JzLCBDeWNsaWMgQU1QL2dlbmV0aWNzL21ldGFib2xpc208L2tleXdvcmQ%2BPC9rZXl3b3Jkcz48aXNibj4xNTMyLTI1NDggKEVsZWN0cm9uaWMpXG4wMDMyLTA4ODkgKFByaW50KVxuMDAzMi0wODg5IChMaW5raW5nKTwvaXNibj48YWNjZXNzaW9uLW51bT4yNjI0MzYxNjwvYWNjZXNzaW9uLW51bT48YWJzdHJhY3Q%%2BPHVybD5odHRwczovL3d3dy5uY2JpLm5sbS5uaWguZ292L3B1Ym1lZC8yNjI0MzYxNjwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48Y3VzdG9tMj5QTUM0NTg3NDQwPC9jdXN0b20yPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC4xMTA0L3BwLjE1LjAwMjI5PC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48cmVtb3RlLWRhdGFiYXNlLW5hbWU%2BTWVkbGluZTwvcmVtb3RlLWRhdGFiYXNlLW5hbWU%2BPHJlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj5OTE08L3JlbW90ZS1kYXRhYmFzZS1wcm92aWRlcj48bnVtYmVyPjI8L251bWJlcj48cmVjLWd1aWQ%
https://web.endnote.%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5aaGFuZywgQy48L2F1dGhvcj48YXV0aG9yPk1hbGxlcnksIEUuIEwuPC9hdXRob3I%2BPGF1dGhvcj5TY2hsdWV0ZXIsIEouPC9hdXRob3I%2BPGF1dGhvcj5IdWFuZywgUy48L2F1dGhvcj48YXV0aG9yPkZhbiwgWS48L2F1dGhvcj48YXV0aG9yPkJyYW5rbGUsIFMuPC9hdXRob3I%2BPGF1dGhvcj5TdGFpZ2VyLCBDLiBKLjwvYXV0aG9yPjxhdXRob3I%2BU3p5bWFuc2tpLCBELiBCLjwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48YXV0aC1hZGRyZXNzPkRlcGFydG1lbnQgb2YgQWdyb25vbXksIFB1cmR1ZSBVbml2ZXJzaXR5LCBXZXN0IExhZmF5ZXR0ZSwgSW5kaWFuYSA0NzkwNy0yMDU0LCBVU0EuPC9hdXRoLWFkZHJlc3M%2BPHRpdGxlcz48dGl0bGU%2BQXJhYmlkb3BzaXMgU0NBUnMgZnVuY3Rpb24gaW50ZXJjaGFuZ2VhYmx5IHRvIG1lZXQgYWN0aW4tcmVsYXRlZCBwcm90ZWluIDIvMyBhY3RpdmF0aW9uIHRocmVzaG9sZHMgZHVyaW5nIG1vcnBob2dlbmVzaXM8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BUGxhbnQgQ2VsbDwvc2Vjb25kYXJ5LXRpdGxlPjwvdGl0bGVzPjxkYXRlcz48eWVhcj4yMDA4PC95ZWFyPjxwdWItZGF0ZXM%2BPGRhdGU%2BQXByPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjk5NS0xMDExPC9wYWdlcz48dm9sdW1lPjIwPC92b2x1bWU%2BPGVkaXRpb24%2BMjAwODA0MTg8L2VkaXRpb24%2BPGtleXdvcmRzPjxrZXl3b3JkPkFjdGluLVJlbGF0ZWQgUHJvdGVpbiAyLypwaHlzaW9sb2d5PC9rZXl3b3JkPjxrZXl3b3JkPkFjdGluLVJlbGF0ZWQgUHJvdGVpbiAzLypwaHlzaW9sb2d5PC9rZXl3b3JkPjxrZXl3b3JkPkFyYWJpZG9wc2lzL2dlbmV0aWNzL2dyb3d0aCAmYW1wOyBkZXZlbG9wbWVudC8qcGh5c2lvbG9neTwva2V5d29yZD48a2V5d29yZD5CYXNlIFNlcXVlbmNlPC9rZXl3b3JkPjxrZXl3b3JkPkROQSBQcmltZXJzPC9rZXl3b3JkPjxrZXl3b3JkPkV2b2x1dGlvbiwgTW9sZWN1bGFyPC9rZXl3b3JkPjxrZXl3b3JkPkdlbmUgRXhwcmVzc2lvbjwva2V5d29yZD48a2V5d29yZD5HZW5lcywgUGxhbnQ8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTW9sZWN1bGFyIFNlcXVlbmNlIERhdGE8L2tleXdvcmQ%2BPGtleXdvcmQ%2BTW9ycGhvZ2VuZXNpczwva2V5d29yZD48a2V5d29yZD5QaHlsb2dlbnk8L2tleXdvcmQ%2BPGtleXdvcmQ%%2BaHR0cHM6Ly93d3cubmNiaS5ubG0ubmloLmdvdi9wdWJtZWQvMTg0MjQ2MTU8L3VybD48L3JlbGF0ZWQtdXJscz48L3VybHM%2BPGN1c3RvbTI%2BUE1DMjM5MDc0ODwvY3VzdG9tMj48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTEwNS90cGMuMTA3LjA1NTM1MDwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPHJlbW90ZS1kYXRhYmFzZS1uYW1lPk1lZGxpbmU8L3JlbW90ZS1kYXRhYmFzZS1uYW1lPjxyZW1vdGUtZGF0YWJhc2UtcHJvdmlkZXI%2BTkxNPC9yZW1vdGUtZGF0YWJhc2UtcHJvdmlkZXI%2BPG51bWJlcj40PC9udW1iZXI%2BPHJlYy1ndWlkPjA1OGZjMzhjLTYxOGEtNDA5MC05OTdiLTEzM2NlNWQ0NmFhMDwvcmVjLWd1aWQ%2BPHJlYy11c24%%3D%3D
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IihCcnVtbSBldCBhbC4sIDIwMjUpIiwiY2l0YXRpb25zIjpbeyJiaWJsaW9Db250ZW50IjpbeyJlbGVjdHJvbmljUmVzb3VyY2VOdW1iZXIiOiIxMC4xMTI2L3NjaWFkdi5hZHQ2MTA3IiwiZGF0YWJhc2VQcm92aWRlciI6Ik5MTSIsImN1c3RvbTIiOiJQTUMxMjA5NDE5NSIsImdyb3VwR3VpZHMiOltdLCJpc2JuIjoiMjM3NS0yNTQ4IChFbGVjdHJvbmljKVxyMjM3NS0yNTQ4IChMaW5raW5nKSIsInJzeG1sIjoiPHJlY29yZD48cmVmLXR5cGU%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5CcnVtbSwgUy48L2F1dGhvcj48YXV0aG9yPkdhdnJpbiwgQS48L2F1dGhvcj48YXV0aG9yPk1hY2xlb2QsIE0uPC9hdXRob3I%2BPGF1dGhvcj5DaGVzbmVhdSwgRy48L2F1dGhvcj48YXV0aG9yPlVzbGFuZGVyLCBBLjwvYXV0aG9yPjxhdXRob3I%2BU2Nob3JuYWNrLCBTLjwvYXV0aG9yPjwvYXV0aG9ycz48L2NvbnRyaWJ1dG9ycz48YXV0aC1hZGRyZXNzPlNhaW5zYnVyeSBMYWJvcmF0b3J5IChTTENVKSwgVW5pdmVyc2l0eSBvZiBDYW1icmlkZ2UsIDQ3IEJhdGVtYW4gU3RyZWV0LCBDYW1icmlkZ2UgQ0IyIDFMUiwgVUsuPC9hdXRoLWFkZHJlc3M%2BPHRpdGxlcz48dGl0bGU%2BRnVuY3Rpb25hbCBkaXZlcmdlbmNlIG9mIHBsYW50IFNDQVIvV0FWRSBwcm90ZWlucyBpcyBkZXRlcm1pbmVkIGJ5IGludHJpbnNpY2FsbHkgZGlzb3JkZXJlZCByZWdpb25zPC90aXRsZT48c2Vjb25kYXJ5LXRpdGxlPlNjaSBBZHY8L3NlY29uZGFyeS10aXRsZT48L3RpdGxlcz48ZGF0ZXM%2BPHllYXI%2BMjAyNTwveWVhcj48cHViLWRhdGVzPjxkYXRlPk1heSAyMzwvZGF0ZT48L3B1Yi1kYXRlcz48L2RhdGVzPjxwYWdlcz5lYWR0NjEwNzwvcGFnZXM%%2BPGlzYm4%2BMjM3NS0yNTQ4IChFbGVjdHJvbmljKVxuMjM3NS0yNTQ4IChMaW5raW5nKTwvaXNibj48YWNjZXNzaW9uLW51bT40MDM5NzcyNTwvYWNjZXNzaW9uLW51bT48YWJzdHJhY3Q%%2BPG5vdGVzPkJydW1tLCBTYWJpbmVcbkdhdnJpbiwgQWxla3NhbmRyXG5NYWNsZW9kLCBNYXR0aGV3XG5DaGVzbmVhdSwgR3VpbGxhdW1lXG5Vc2xhbmRlciwgQW5uaWthXG5TY2hvcm5hY2ssIFNlYmFzdGlhblxuZW5nXG4yMDI1LzA1LzIxXG5TY2kgQWR2LiAyMDI1IE1heSAyMzsxMSgyMSk6ZWFkdDYxMDcuIGRvaTogMTAuMTEyNi9zY2lhZHYuYWR0NjEwNy4gRXB1YiAyMDI1IE1heSAyMS48L25vdGVzPjx1cmxzPjxyZWxhdGVkLXVybHM%2BPHVybD5odHRwczovL3d3dy5uY2JpLm5sbS5uaWguZ292L3B1Ym1lZC80MDM5NzcyNTwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48Y3VzdG9tMj5QTUMxMjA5NDE5NTwvY3VzdG9tMj48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTEyNi9zY2lhZHYuYWR0NjEwNzwvZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BPHJlbW90ZS1kYXRhYmFzZS1uYW1lPk1lZGxpbmU8L3JlbW90ZS1kYXRhYmFzZS1uYW1lPjxyZW1vdGUtZGF0YWJhc2UtcHJvdmlkZXI%2BTkxNPC9yZW1vdGUtZGF0YWJhc2UtcHJvdmlkZXI%
https://doi.org/10.64898/2026.03.31.715550
http://creativecommons.org/licenses/by/4.0/


2025). These cross‑species differences indicate that SCAR paralogs can adopt 
redundant or specialized roles depending on the plant lineage. In barley, this 
separation offers practical advantages: distinct SCAR functions enable targeted 
modification of clade II genes to improve root‑disease resistance without 
compromising reproductive performance. 

Context‑dependent microbial responses in HvSCAR‑B,C mutants with limited 
developmental costs 
Because susceptibility‑gene modifications can cause unintended growth or yield 
penalties (van Schie and Takken, 2014), it is notable that the hvscar‑b,c double 
mutant showed no major vegetative defects under our laboratory conditions. The 
plants had shorter root hairs and reduced spike formation but normal overall seed 
production. The widely employed mlo mutation, which provides strong resistance 
against powdery mildew infections in cereals, can lead to lesion mimicry and 
correlated yield costs in the field (Kjær et al., 1990). Whether hvscar‑b,c mutations, 
or their associated root hair phenotype, affect reproductive performance under field 
conditions remains to be tested. Mechanistically, the enhanced quantitative 
resistance of hvscar‑b,c to P. palmivora is unlikely to arise from constitutive immune 
activation, as RNA‑seq showed no broad immune priming. More plausibly, loss of 
HvSCAR‑B and HvSCAR‑C may alter cell wall deposition or plant actin‑dependent 
microbe entry processes. While M. truncatula api mutants exhibit modified pectin and 
xyloglucan compositions (Gavrin et al., 2020), barley’s Type II cell walls rely on 
different polymers (e.g., glucuronoarabinoxylans and mixed linkage glucans) (Carpita 
and Gibeaut, 1993; Kim and Brandizzi, 2021). If resistance in M. truncatula and 
barley is secretion-driven, the shared trait likely involves the actin-dependent 
secretory hub itself rather than a single conserved cell wall polymer. Future cell wall 
fractionation and transport assays will be needed to distinguish these possibilities. 
Interestingly, hvscar‑b,c roots also supported a greater extent of AM colonisation, 
while maintaining normal arbuscule and vesicle formation, indicating that 
SCAR‑dependent trafficking influences both pathogenic and symbiotic entry. Each 
type of microbial interaction was assessed in its relevant biological context: P. 
palmivora infection on young elongating seedling roots, and AM symbiosis in mature 
differentiated roots. These developmental stages naturally differ in wall composition 
and secretory activity, which may contribute to the contrasting outcomes. 
Age‑matched infection assays and zone‑resolved imaging could help clarify how 
SCAR‑dependent processes shape susceptibility across specific tissues and 
developmental stages. 

Implications for disease resistance engineering in cereals 
Our findings provide a proof-of-concept for root-targeted S-gene engineering in 
cereals. The hvscar‑b,c mutant combines quantitative seedling resistance to P. 
palmivora with normal growth and enhanced AMF colonisation, highlighting SCAR 
gene modification as a promising plant engineering strategy. Future studies should 
evaluate the susceptibility spectrum of hvscar-b and hvscar-c mutants against a 
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diverse panel of root- and shoot-infecting oomycete and fungal pathogens 
representing different lifestyles. Field trials will be essential to evaluate whether 
hvscar‑b,c confers stable resistance and maintains yield across soils, climates, and 
microbiomes. Removal of MtAPI in M. truncatula for example leads to a significant 
increase in the root associated microbiota diversity (Tkacz et al., 2022). If 
agronomically relevant penalties occur under field trials, targeted approaches such 
as tissue-specific genome editing or tuned expression via promoter lesions could 
strike a balance between quantitative resistance and developmental needs. Taken 
together, our results position clade II SCAR/WAVE genes as actionable susceptibility 
factors for enhancing root health in cereals. As soil-borne disease pressure 
intensifies, targeted modulation of HvSCAR-B and HvSCAR-C may provide a 
compatible and complementary route to broaden pathogen protection alongside 
established R-gene based strategies. 
 
 
Experimental procedures 
Phylogenetic Analysis 
SCAR protein sequences were obtained from public genome and proteome 
databases (Data S1). Sequences were aligned to M. truncatula and A. thaliana 
SCARs using MUSCLE (CLC Main Workbench 20.0.4) to assess SHD/VCA domain 
presence/absence. Full-length sequences were aligned and subsequently 
automatically trimmed using the bioconda packages “mafft” (version 7.471; 
(Rozewicki et al., 2019)) and “trimAI” (version 1.4.1; (Capella-Gutierrez et al., 2009)). 
Phylogenetic trees were constructed using the bioconda package “IQ-TREE” 
(version 2.0.3; (Nguyen et al., 2015)) with maximum likelihood and bootstrapping 
(1000Ufboot+SH-aLRT) and identified the best fitting substitution models: “model 
VT+F+I+G4” for Figure 1a and “JTT+I+G4” for Figure S1. Trees were visualised with 
the online tool “interactive Tree Of Life” (iTOL version 6.9.1; (Letunic and Bork, 
2024)). The trees were rooted at the midpoint and branches with less than 50% 
SH-aLRT support (bootstrap 0) were deleted for Figure 1 and Figure S1. The trees 
were stylistically modified for figure presentation using Inkscape (version 1.2.2).  
 
Construct design and cloning 
Primer design, sequence assembly, and analyses were conducted using CLC Main 
Workbench 20 (Qiagen). Primer sequences are listed in Table S1. The 
pKGW‑MGW‑pAPI:API construct was kindly provided by Aleksandr Gavrin (Gavrin et 
al., 2020). The HvSCAR-B (HORVU.GOLDEN_PROMISE.PROJ.4HG00344290) 
coding sequence (CDS) was synthesized by GenScript in pUC57 with flanking 
attL1/attL2 sites, based on the Golden Promise Pangenome v2 annotation, identical 
to Morex v2 (2019) and v3 (2021) annotation. The HvSCAR-A 
(HORVU.GOLDEN_PROMISE.PROJ.3HG00222400) CDS was amplified from 
Golden Promise root cDNA using primers SB103/SB104 and Phusion™ High-Fidelity 
DNA Polymerase (NEB) with GC buffer. Sequence analysis revealed an additional 
CAG at positions 720-722, adding one serine at amino acid 240; this triplet is present 
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in Morex v1 and v3, but absent from Morex v2 and Golden Promise v2. Subsequent 
constructs used the verified Golden Promise sequence. HvSCAR-C 
(HORVU.GOLDEN_PROMISE.PROJ.5HG00469460) CDS was amplified from 
9-day-old seedling shoot cDNA using primers SB101/SB102 and Phusion™ 
polymerase with GC buffer. Comparison with the Golden Promise v2 annotation 
revealed an 87 bp insertion (CDS positions 6620–6706), absent from Morex v2 and 
v3 annotations. Morex v1 is incomplete (567bp). All constructs used the verified 
Golden Promise sequence. 
HvSCAR-A and HvSCAR-C CDS PCR products were cloned into pDONR221 via 
Gateway® BP Clonase™. Initial pDONR‑SCARC clones contained nonsynonymous 
base-pair substitutions; to obtain a mutation-free construct, a 2082-bp fragment from 
pDONR‑SCARC #3 (NdeI/ScaI‑HF) was ligated into the 7131-bp backbone of 
pDONR‑SCARC #23 (NdeI/ScaI‑HF digested, Antarctic Phosphatase-treated), 
generating pDONR‑SCARC #3‑23‑10. Both #3 and #3‑23‑10 were digested with 
EcoRI/HindIII, and a 2934-bp fragment from #3 was ligated into the 6285-bp 
backbone of #3‑23‑10, yielding the final mutation-free clone pDONR‑SCARC 
#3‑23‑10‑3‑1 (SB95_pDONR_HvSCARC). 
All entry and destination vectors were verified by diagnostic restriction digest and 
Sanger sequencing (Source BioScience). Destination clones were assembled by 
recombining SB88_pDONR_HvSCARA, SB98_pUC57(Amp)_HvSCAR-B, and 
SB95_pDONR_HvSCARC with pENTR4_1_prMtAPI and pENTR_p2rp3_T35STerm 
into pKGW-RR-MGW using LR Clonase® Plus (Thermo Fisher Scientific). Primer 
sequences and constructs are in Tables S1 and S2; vector and CDS sequences are 
in Data S2. 
Level 1 sgRNA expression constructs were generated by amplifying the sgRNA 
scaffold from pICSL90010 using: for sgRNA1, HvSCAR-A (SB93/SB90), HvSCAR-B 
(SB88/SB90), HvSCAR-C (SB99/SB90); for sgRNA2, HvSCAR-A (SB107/SB90), 
HvSCAR-B (SB108/SB90), HvSCAR-C (SB100/SB90). sgRNA1 amplicons were 
assembled with the Level 0 Triticum aestivum U6 promoter (pICSL90003) and Level 
1 position‑3 acceptor vector pICH47751 via MoClo. sgRNA2 amplicons were 
assembled with pICSL90003 and Level 1 position‑4 acceptor vector pICH47761. 
Binary plasmids were assembled using Golden Gate MoClo (Weber et al., 2011). 
Final constructs combined the Level‑M backbone pAGM8031, Level‑M end‑linker 
pICH50900, position 1 35S::hptII::35S hygromycin cassette (pICSL11059), position 2 
Zm::Cas9::nos cassette (pICSL11056), position 3 sgRNA1 module, and position 4 
sgRNA2 module (Data S2). 
 
Plant materials and growth conditions 
The two‑rowed Hordeum vulgare accession Golden Promise (PI 343079) was 
obtained from the USDA Germplasm Resources Information Network (Aberdeen, ID, 
USA) (Bettgenhaeuser et al., 2021). Following tissue‑culture regeneration, T₀ plants 
of the CRISPR lines were transferred to John Innes Cereal Mix and grown in 
greenhouses under 18°C day (16 h) and 12°C night (8 h) conditions with 
supplemental illumination from 400 W HQI metal halide lamps. For subsequent 
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generations, barley seeds were stratified for two to three days in the dark at 4°C and 
then germinated for two to three days on wet Whatman filter paper in the light at 
24°C. Seedlings were transplanted into a 1:1 mixture of Levington F2 compost and 
vermiculite and maintained in a Conviron growth chamber with a 16‑h light/8‑h dark 
cycle, day/night temperatures of 18°C and 15°C, 80% relative humidity, and a light 
intensity of approximately 500 μmol m⁻² s⁻¹. For mycorrhiza assays, seedlings were 
grown in a sand/terragreen mix substrate in a Conviron growth chamber set to a 16‑h 
light/8‑h dark cycle at 21°C. 
 
Generation of transgenic Medicago truncatula roots and root hair analysis 
The destination constructs were transferred into Agrobacterium rhizogenes strain 
Arqua1193 (rifampicin and carbenicillin resistant) and transformed into the roots of 
M. truncatula A17 and api seedlings (Limpens et al., 2005). Following transformation, 
roots were maintained on Fahraeus medium for a duration of three weeks. Three 
weeks after transformation, epifluorescence images of M. truncatula roots 
expressing DsRed were acquired using a Leica M165 FC Fluorescent 
Stereomicroscope equipped with a DFC310FX camera and DSR filter (10447412). 
All images were captured at a consistent magnification, including a reference scale, 
using Leica Application Suite Software (version 4.8.0). Root hair length was 
measured in ImageJ2 using the ROI Manager and Freehand Line tools. Image 
scales were globally calibrated via the SetScale function. For each genotype, 10 root 
hairs were measured from five independently transformed roots (n = 50), and lengths 
were recorded in millimetres. To account for variation in imaging depth, root hair 
length (in mm) was normalized to the diameter of the respective root by calculating 
root hair length/diameter ratios. Data distribution was evaluated using the 
Shapiro-Wilk test. When p-values were below 0.5, non-parametric comparisons were 
performed using the Kruskal-Wallis test followed by Bonferroni-adjusted post hoc 
analysis (α = 0.05). Box plots were generated in R and adapted to fit the figure panel 
in Incscape. Images were processed for brightness, and contrast adjustments using 
GIMP. Final figure panels were assembled in Inkscape, with scale bars manually 
added based on the reference scale. Each construct was analysed in two 
independent transformation experiments, with one representative dataset selected 
for figure presentation. 
 
Generation of Hordeum vulgare CRISPR knockout mutants 
For each HvSCAR gene, two 20‑nt target sequences immediately upstream of a 
PAM were selected using CRISPOR (https://crispor.gi.ucsc.edu/). One gRNA was 
designed in the first exon and the second in the largest exon (HvSCAR‑A: exon 6; 
HvSCAR‑B: exon 6; HvSCAR‑C: exon 8). Guides were retained only if they had a 
single predicted 20‑mer target site in the barley genome and included a nearby 
restriction site: HvSCAR‑A guide 1: ScaI; guide 2: AccI; HvSCAR‑B guide 1: 
SmaI/XmaI; guide 2: BsrGI; HvSCAR‑C guide 1: HaeII; guide 2: NspI. 
CRISPR/SpCas9 vectors carrying the HvSCAR-targeting gRNAs were 
electroporated into Agrobacterium tumefaciens strain AGL1 (Gene Pulser, Bio‑Rad) 
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following (Lazo et al., 1991), and used to generate transgenic spring barley cv. 
‘Golden Promise’ (Hensel et al., 2009). Single knockout lines were identified by PCR 
and Sanger sequencing of the targeted genomic regions. Genotyping primers were: 
HvSCAR‑A guide 1: SB207/SB162; guide 2: SB160/SB184; HvSCAR‑B guide 1: 
SB180/SB166; guide 2: SB85/SB181; full HvSCAR‑B deletion: SB180/SB181; 
HvSCAR‑C guide 1: SB185/SB186; guide 2: SB209/SB187. Cas9 presence was 
assessed with SB233/SB234 (see Table S1). 
From an initial screen of 42 HvSCAR‑A, 78 HvSCAR‑B, and 50 HvSCAR‑C T₀ 
transformants, at least three mutation-positive T₁ lines per gene were selected 
(hvscar-a: SB47-2-1, SB47-10-3, SB47-5-4, SB47-5-5; hvscar-b: SB46-3-1, 
SB46-24-1, SB46-27-1; hvscar-c: SB48-10-4, SB48-12-2, SB48-16-2). These were 
advanced to T₂ and analyzed for seed formation (SB47-5-5: only 186 seeds from four 
segregants). Two representative lines per gene were propagated to T₅ to obtain 
Cas9-free, homozygous plants (hvscar-a: SB47-2-1-3-110, SB47-5-5-5-220; 
hvscar-b: SB46-3-1-2-59, SB46-24-1-2-33; hvscar-c: SB48-10-4-1-12, 
SB48-16-2-1-84) and seed numbers were counted for one representative line per 
gene. 
To generate the hvscar‑b,c double mutant, the Cas9-free, homozygous hvscar-b line 
SB46_3_1_2_59 and hvscar-c line SB48_10_4_1_12 were crossed. 
Double-homozygous F₂ segregants were identified by genotyping and confirmed by 
Sanger sequencing. Seed numbers were quantified in the F₄ and F₅ generations. 
 
Root hair and developmental phenotyping of H. vulgare CRISPR mutants 
Seeds were germinated for 48 h on sterile Whatman paper at 24°C, transferred to ½ 
basal medium (5% sucrose) and grown for 4 days at 20°C before imaging with a 
Leica DMi8 fluorescence microscope. Root hair length was quantified in ImageJ2 
using the ROI Manager. Roots were straightened, and hairs were measured with the 
freehand line tool within a defined region corresponding to 25–30% of the total root 
length from the tip. This ROI was divided into 10 equal sub‑zones, and one hair per 
sub‑zone per side was measured. Image scales were globally calibrated using 
SetScale. Five roots per genotype were analysed, with 20 hairs measured per root. 
For vegetative growth assessment, representative T5 and F5 plants were 
photographed 9 weeks after germination using a Nikon D5200 with a Nikkor 18–55 
mm f/3.5–5.6G VR lens; a meter scale was included for size reference. At maturity, 
all spikes per plant were harvested, and the number of seeds per spike were 
manually counted. Data were analysed and plotted in R, and plots were formatted in 
Inkscape. Total seed number per plant was calculated as the sum of all seeds across 
spikes. Representative spikes and seeds were photographed after harvest using an 
iPhone 13 with a ruler for scale; awns were removed to improve visibility. Images 
were cropped and adjusted for brightness and contrast in GIMP, and final figure 
panels were assembled in Inkscape with manually added scale bars. 

P. palmivora transformation and barley root infection assays. 
Generation of the fluorescent P. palmivora strain FLIMA‑td involved 
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electroporation‑based transformation of FLIMA (accession number P7545, derived 
from the Philippines) zoospores with a pTOR::tdTomato expression construct, as 
described for the ARI-td strain previously (Le Fevre et al., 2016). For qRT-PCR 
analysis, barley root infection assays with FLIMA-td were performed as described 
before (Macleod et al., 2025). Briefly, barley seeds were surface‑sterilized in 70% 
ethanol (5 min) and 2% sodium hypochlorite (5 min), rinsed once between steps and 
at least four times afterward, then placed on wet Whatman paper at 4°C in the dark 
for 2–3 days and germinated at 24°C in the dark for 4 days. Seedlings were 
transferred to 1% phytoagar in 100‑mm square plates (up to 12 per plate), and roots 
were covered with 80‑mm 325P cellulose discs. Each root system received 100 μL of 
FLIMA‑td zoospores (5 × 10⁴ mL⁻¹). Plates were wrapped at the base in black foil, 
incubated horizontally at 25°C under constant light to allow spore attachment, then 
tilted 80° to prevent root growth into the medium. For qRT‑PCR, roots were 
harvested 3 dpi, washed, and flash‑frozen.  
For imaging, seedlings were placed on 1% phytoagar 3 days after germination. 
Plates were cast with a thinner lower half to form a basin for roots, which were 
submerged in 20 mL of FLIMA‑td zoospores (5 × 10⁴ mL⁻¹). Plates were wrapped at 
the base in black foil and incubated horizontally at 25°C. Whole‑root imaging at 3 
and 6 dpi was performed using a Leica M205 FCA stereomicroscope with a Leica 
K5‑14403327 camera (1.0×/0.03 NA, 1.39× zoom). Tile scans were acquired after 
removing the plate lid. Images were processed using Thunder Image Clearing, with 
mCherry used to detect FLIMA‑td fluorescence and a GFP filter to visualize root 
autofluorescence. Channels were merged in ImageJ. 

qRT-PCR. 
For qRT‑PCR analysis of FLIMA‑td infected roots, one barley root system was used 
per sample. Total RNA was extracted using the Spectrum Plant Total RNA Kit 
(Sigma‑Aldrich) followed by on‑column DNase treatment with the RNase‑Free 
DNase Set (Qiagen). cDNA was synthesized from 1 µg of total RNA using the Roche 
Transcriptor First Strand cDNA Synthesis Kit. qPCR reactions were prepared with 
the Roche LightCycler 480 SYBR Green I Master Mix and run in 10‑µl triplicate 
reactions on a Roche LightCycler 480 II instrument. The cycling program consisted 
of an initial denaturation at 95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s, 
60 °C for 10 s, and 72 °C for 10 s. Primer sequences are listed in Table S1. Gene 
expression was quantified in R using the 2^−ΔCt method, calculating PpEF1α 
relative to HvEF1α and HvCyc (as a relative measure of pathogen biomass), or 
PpCdc14 relative to PpEF1α and PpWS21 (as an indicator of sporulation) (Le Fevre 
et al., 2016). The results were subsequently plotted in R. 

F. mosseae root colonisation assays 
Three‑day‑old seedlings were transferred to pots containing 500 mL of a 
sand:terragreen mixture supplemented at a 1:10 ratio with Funneliformis mosseae 
crude inoculum (MycAgro, France) and watered with deionized (DI) water. Plants 
were kept in a plastic tent for one week to maintain high humidity, then grown at 
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24 °C under a 16 h light/8 h dark photoperiod. After two weeks, plants were supplied 
with Hoagland nutrient solution (per litre: 4 mL 5 mM KH₂PO₄ and 0.75 g Hoagland’s 
No. 2 Basal Salt Mixture, Modification 2 without ammonium phosphate; Caisson 
Labs). After eight weeks, whole root systems were washed free of substrate and 
three root segments (upper, middle, lower) were collected per plant. Fungal 
structures were visualized using a modified ink–vinegar staining protocol (Vierheilig 
et al., 1998). Roots were cleared in 10% (w/v) KOH for 10 min at 95 °C, rinsed in 5% 
(v/v) acetic acid, and stained in 5% Sheaffer black ink/5% acetic acid for 10 min at 
95 °C. Stained root fragments were rinsed in DI water, briefly cleared in ClearSee (30 
seconds per sample; (Kurihara et al., 2015)), and placed on a microscopy slide in 
mounting media  (20% glycerol, 50 mM Tris‑HCl pH 7.5, 0.1% Tween‑20). 
Tile‑scanned images were acquired at 200× magnification using the Keyence 
microscope VHX 7000 (2D stitching mode) and assembled using the Fiji 
Grid/Collection Stitching plugin. White levels and artefacts (air bubbles) were 
manually adjusted/removed from the images in GIMP to simplify automated analysis. 
Total colonisation was quantified using AMFinder software (Evangelisti et al., 2021)  
with the CCN1 classifier, and arbuscule and vesicle structures were quantified using 
the CCN2 classifier. 

RNA sequencing analysis 
The roots of 3 HvSCAR-B,C and 5 hvscar-b,c seedlings, grown on 1% Phytoagar, 
were harvested 8-days after germination and RNA was extracted as described for 
qRT-PCR analysis. RNA samples were sequenced by Novogene UK using a 
paired-end strategy (2 × 150 bp), yielding approximately 40 million reads per sample. 
Read quality was assessed using FastQC. Reads were mapped to the annotated 
BPGv2 Golden Promise barley assembly (release 220214), publicly available via the 
IPK Gatersleben Galaxy server 
(https://galaxy-web.ipk-gatersleben.de/libraries/folders/Fd071e794759ab192; 
(Jayakodi et al., 2024)). The nf‑core/rnaseq workflow (version 3.9; (Ewels et al., 
2020)) was used for read alignment and quantification, implementing STAR for 
mapping (Dobin et al., 2013) and Salmon for transcript‑level quantification (Patro et 
al., 2017). 
Gene-level count tables were imported into R, rounded to integer values, and 
prefiltered to remove lowly expressed genes by retaining only genes with a summed 
read count greater than one across all samples. Filtered counts were normalized 
using DESeq2 (version 1.42.2; (Love et al., 2014)) through estimation of size factors 
to correct for differences in sequencing depth. Differential expression analysis was 
performed using DESeq2, comparing hvscar-b,c samples against HvSCAR-B,C 
control samples. Genes with an adjusted p-value (padj) < 0.05 and an absolute log2 
fold change (|log2FC|) ≥ 2 were considered differentially expressed. A complete list 
of identified differentially expressed genes (DEGs) and their transcript per million 
(TPM) values is provided in Data S2. 
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Statistical analysis 
All statistical analyses were conducted in R (version 4.3.3). Data were tested for 
normality using the Shapiro–Wilk test. Depending on the outcome, appropriate 
single- or multiple-comparison post hoc tests were applied. The specific statistical 
test used for each analysis is indicated in the corresponding figure legend, and exact 
p-values or letters indicative of significance groupings are reported within the figure 
panels. 
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	P. palmivora transformation and barley root infection assays.​Generation of the fluorescent P. palmivora strain FLIMA‑td involved electroporation‑based transformation of FLIMA (accession number P7545, derived from the Philippines) zoospores with a pTOR::tdTomato expression construct, as described for the ARI-td strain previously (Le Fevre et al., 2016). For qRT-PCR analysis, barley root infection assays with FLIMA-td were performed as described before (Macleod et al., 2025). Briefly, barley seeds were surface‑sterilized in 70% ethanol (5 min) and 2% sodium hypochlorite (5 min), rinsed once between steps and at least four times afterward, then placed on wet Whatman paper at 4°C in the dark for 2–3 days and germinated at 24°C in the dark for 4 days. Seedlings were transferred to 1% phytoagar in 100‑mm square plates (up to 12 per plate), and roots were covered with 80‑mm 325P cellulose discs. Each root system received 100 μL of FLIMA‑td zoospores (5 × 10⁴ mL⁻¹). Plates were wrapped at the base in black foil, incubated horizontally at 25°C under constant light to allow spore attachment, then tilted 80° to prevent root growth into the medium. For qRT‑PCR, roots were harvested 3 dpi, washed, and flash‑frozen. ​For imaging, seedlings were placed on 1% phytoagar 3 days after germination. Plates were cast with a thinner lower half to form a basin for roots, which were submerged in 20 mL of FLIMA‑td zoospores (5 × 10⁴ mL⁻¹). Plates were wrapped at the base in black foil and incubated horizontally at 25°C. Whole
	qRT-PCR.​For qRT‑PCR analysis of FLIMA‑td infected roots, one barley root system was used per sample. Total RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma‑Aldrich) followed by on‑column DNase treatment with the RNase‑Free DNase Set (Qiagen). cDNA was synthesized from 1 µg of total RNA using the Roche Transcriptor First Strand cDNA Synthesis Kit. qPCR reactions were prepared with the Roche LightCycler 480 SYBR Green I Master Mix and run in 10‑µl triplicate reactions on a Roche LightCycler 480 II instrument. The cycling program consisted of an initial denaturation at 95 °C for 5 min, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 s. Primer sequences are listed in Table S1. Gene expression was quantified in R using the 2^−ΔCt method, calculating PpEF1α relative to HvEF1α and HvCyc (as a relative measure of pathogen biomass), or PpCdc14 relative to PpEF1α and PpWS21 (as an indicator of sporulation) (Le Fevre et al., 2016). The results were subsequently plotted in R. 
	F. mosseae root colonisation assays​Three‑day‑old seedlings were transferred to pots containing 500 mL of a sand:terragreen mixture supplemented at a 1:10 ratio with Funneliformis mosseae crude inoculum (MycAgro, France) and watered with deionized (DI) water. Plants were kept in a plastic tent for one week to maintain high humidity, then grown at 24 °C under a 16 h light/8 h dark photoperiod. After two weeks, plants were supplied with Hoagland nutrient solution (per litre: 4 mL 5 mM KH₂PO₄ and 0.75 g Hoagland’s No. 2 Basal Salt Mixture, Modification 2 without ammonium phosphate; Caisson Labs). After eight weeks, whole root systems were washed free of substrate and three root segments (upper, middle, lower) were collected per plant. Fungal structures were visualized using a modified ink–vinegar staining protocol (Vierheilig et al., 1998). Roots were cleared in 10% (w/v) KOH for 10 min at 95 °C, rinsed in 5% (v/v) acetic acid, and stained in 5% Sheaffer black ink/5% acetic acid for 10 min at 95 °C. Stained root fragments were rinsed in DI water, briefly cleared in ClearSee (30 seconds per sample; (Kurihara et al., 2015)), and placed on a microscopy slide in mounting media  (20% glycerol, 50 mM Tris‑HCl pH 7.5, 0.1% Tween‑20). Tile‑scanned images were acquired at 200× magnification using the Keyence microscope VHX 7000 (2D stitching mode) and assembled using the Fiji Grid/Collection Stitching plugin. White levels and artefacts (air bubbles) were manually adjusted/removed from the images in GIMP to simplify automated analysis. Total colonisation was quantified using AMFinder software (Evangelisti et al., 2021)  with the CCN1 classifier, and arbuscule and vesicle structures were quantified using the CCN2 classifier. 

